We study differential carrier lifetimes in InGaN light-emitting diodes ͑LEDs͒ of varying wavelengths. Increase in wavelength is correlated with an increase in lifetime, due to the impact of the polarization fields on carrier overlap. This effect explains the early onset of droop in longer-wavelength LEDs. © 2010 American Institute of Physics. ͓doi:10.1063/1.3462916͔
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from In-rich areas.
We have recently shown evidence that droop is a bulk phenomenon occurring even in photoluminescence in bulk GaN. 4 We have also shown that droop is related to a shortening of the nonradiative carrier lifetime, manifesting the onset of a nonradiative recombination phenomenon behaving roughly ϳn 3 where n is the carrier density. 5 In this letter, we explore the relationship between and carrier lifetime, and show how the aforementioned effects can largely be explained by the influence of the polarization fields on carrier wave functions.
We study a set of five ͑0001͒ InGaN LEDs with multiquantum-wells ͑MQW͒ of varying , whose characteristics are indicated in Table I . The first four samples have the same nominal active region ͑AR͒ design and a varying In content, while the fifth sample has nominally the same In content as the fourth one but slightly different AR layer thicknesses, yielding a longer . We measure IQE for each sample as described in Ref. 5 ͓Fig. 1͑a͔͒. We note that its peak value peak is similar for all samples, while the onset of droop happens at lower J for longer-wavelength samples. We stress the importance of comparing samples of similar IQE , because variations in crystal quality influence the shape of the efficiency curve-namely, larger Shockley-Read-Hall ͑SRH͒ recombinations push the curve toward higher J which can mask a more fundamental variation in droop. Figure 1͑b͒ shows the same curves, normalized to unity and with a linear J axis, making the effect of droop onset more obvious.
We perform differential carrier lifetime ͑͒ measurements on these samples, as described in Ref. 5 . By integrating , we obtain the carrier density n. By coupling this measurement to that of IQE , we access the radiative and nonradiative lifetimes R and NR , and the corresponding recombination rates G R and G NR . As in Ref. 5 , we can now derive three quantities: a = G NR / n, b = G R / n 2 , and c = G NR / n 3 . These are useful because they enable comparison to an ABC model, where the coefficients A, B, and C stand for SRH, radiative, and Auger coefficients, respectively. 6 Namely, in an ideal ABC model, a should be constant and equal to A for low n, b should be constant and equal to B for all n, and c should be constant and equal to C for high n. Deviations from this behavior indicate deviations from the ABC model. As shown in Ref. 5 , this model is well followed in a double-heterostructure LED emitting around 430 nm, provided one adds the effect of phase-space filling ͑e.g., Fermi-Dirac carrier statistics͒ which modifies B and C at high n. In deriving the values of a -c, one needs to make an assumption on the AR thickness, e.g., the number of populated quantum wells ͑QWs͒. We assume that only one QW is populated, in line with the conclusions of Ref. 7 In Fig. 2 we plot a -c and IQE as a function of n. As a general trend, the recombination coefficients a -c decrease as increases. This is expected qualitatively, as the corresponding increase in the polarization field E p in the MQW yields a smaller wave function overlap and hence reduced recombination rates. The SRH coefficient A is identified with the value of a at low n. The coefficient b varies with n; as argued in Ref. 5 this is partly due to phase-space filling, although here we also expect a compensating contribution due to carrier screening of E p . The coefficient c is more difficult to interpret because the asymptotic value C should be reached at high carrier density where the same effects of phase-space filling and carrier screening modify recombination rates. The 460 nm sample is slightly off-trend from others, which may be due to imperfect injection in this sample, as also suggested by its lower IQE at low J.
Remarkably, we observe that in contrast to Fig. 1 , peak is reached at a similar carrier density n peak ϳ 7 ϫ 10 18 for all samples in Fig. 2͑d͒ , and the onset of droop is quite similar. Again, this is directly related to the variation in recombination rates with ; MQW samples with larger have slower radiative and nonradiative lifetimes. Therefore, for a given J, n is larger ͑because carrier decay takes longer͒, so that droop appears earlier.
To quantify the variation in E p in the samples, we perform electro-transmittance measurements and measure the reverse bias V flat at which the electric field in the MQW vanishes. 8 By fitting the experimental result with a numerical model of the electrostatics in the p -n junction, we then derive the total polarization charge at the GaN/InGaN interfaces. From we derive the effective field in the QWs in forward bias condition, using the relationship E p = · ⑀ · t QW / ͑t QW + t bar ͒, where t QW and t bar are the QW and barrier thicknesses and ⑀ the static dielectric constant. 9 In addition, by measuring the band edge of the absorption spectra at the reverse bias V flat , we determine the material band gap of the quantum wells in the absence of the Stark effect, as shown in Fig. 3 . 10 We then compare the experimental value of to the ab initio value th from Ref. 11, and find good agreement ͑Table I͒. Samples 4 and 5 deserves special attention; as can be seen, both samples have nearly the same values of E g and , which points to a similar In composition. It is therefore, clear that the difference in emission wavelength, in lifetimes and in the onset of droop between these samples is not due to a difference in ͓In͔, but to a difference in E p : as already mentioned, the thicknesses of the AR layers are slightly different in sample 5, which induces a larger E p at forward bias than in sample 4.
We now introduce a simple model to estimate the impact of polarization fields on radiative recombinations. We write the radiative recombination rate as B = B 0 ϫ I. Here B 0 is the bulk radiative rate and I is the overlap of the wave functions of electrons ͑ e ͒ and holes ͑ h ͒ across the AR; I = ͐ e h dz. B 0 is expected to vary with n because of phase-space filling. We assume that it does not vary strongly with ͓In͔ because the band structure parameters which determine its value have a slow variation with ͓In͔ in the range studied ͑this is con- firmed by the constant amplitude of ␣ for all samples in Fig. 3͒ . I should depend both on E p and on n ͑due to screening of the fields at high n͒. Therefore, at low n, the only factor governing variations in B between samples should be the value of E p . We inject the experimental value of E p in a k · p model of the heterostructure 12 and obtain the wave functions at the ⌫ point, which are used to compute I at low n ͑e.g., before screening effects become significant͒. We obtain the experimental value of B from Fig. 2͑c͒ at n =3 ϫ 10 18 cm −3 . Figure 4 shows the calculated and experimental B as a function of E p . 13 The agreement is not fully quantitative: the experimental dependence on E p is stronger than predicted by the model. We believe that part of this discrepancy is due to many-body effects, ignored in our model, which are expected to enhance the value of B well beyond the effect of carrier overlap.
We can expect that the other recombination processes ͑a and c͒ also increase with carrier overlap, as they all need electrons and holes to occur. We note that remarkably, although I varies by a factor of ϳ10 across the samples, the value of peak remains nearly constant. This suggests that the functional dependence on overlap is similar for all recombination processes, this can be checked from the similar variation in A and B across samples in Table I .
Finally, we note that we have restricted our study to a limited range of ͓In͔ where we believe the AR material to be homogeneous. While the effects we report here should also be relevant for green LEDs, we do not exclude additional effects due to ͓In͔ fluctuations in these.
In summary, we have studied differential carrier lifetimes for a series of MQW samples which show the wellknown trend of increased droop with increasing . We have shown that this effect is largely due to the influence of polarization fields on wave function overlaps: recombination rates slow down as E p increases, yielding a higher carrier density ͑and hence more droop͒ for a given current density. We have found partial agreement between the experimental variation in the radiative recombination rate and a wave function overlap model, where the value of E p was derived experimentally. One implication of this work is that it is not necessary to invoke a nonradiative mechanism that is ͓In͔-dependent to explain the increased droop in longerwavelength LEDs. FIG. 3 . ͑Color online͒ Absorption coefficient ␣ under reverse bias V flat , which induces flat bands in the QWs. The 460 and 470 nm samples have the same band edge. All curves show a shape and amplitude similar to that of bulk GaN ͑dashed line, shown for reference͒-in particular, they display a well-defined band edge from which E g is derived and an excitonic peak. Also note the similarity in inhomogeneous broadening with bulk GaN, which indicates broadening is not dominated by alloy fluctuations in the MQWs. 
